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Description 

The  present  invention  relates  to  a  homogene- 
ous  semiconductor  detector  for  electromagnetic 
radiation  or  particles,  the  detector  having  a  super- 
lattic  structure  and  comprising  a  semi-insulating 
substrate,  a  first  layer  of  either  n-type  or  p-type 
conductivity  deposited  thereon,  a  plurality  of 
layers  of  alternating  conductivity  types  deposited 
in  series  on  said  first  layer  and  terminating  in  an 
outermost  layer,  a  strongly  p-type  electrode 
region  which  extends  through  said  p-type  and  n- 
type  layers  and  defines  a  first  selective  electrode, 
and  a  strongly  n-type  electrode  region  which  also 
extends  through  said  p-type  and  n-type  layers, 
and  which  is  spaced  apart  from  said  strongly  p- 
type  region  and  defines  a  second  selective  elec- 
trode. 

Semiconductor  devices  of  this  kind,  often 
referred  to  as  doping  superlattices,  are  known 
from  DE  —  A  —  22  61  527,  which  is  concerned  with 
the  generation  and  absorption  of  light  of  change- 
able  wavelengths,  with  controlling  conductivity 
with  a  small  control  energy,  with  the  long  time 
storage  of  light  energy,  and  with  like  processes. 
These  objects  are  attained  in  DE  —  A  —  22  61  527 
by  making  the  amplitudes  and  periods  of  the 
wave-like  potential  distributions  generated  by  the 
alternating  zones  so  large  that  the  interaction 
between  states  in  neighbouring  zones  is  small. 

The  electrodes  in  DE—  A—  -22  61  527  are  dis- 
posed  on  the  top  and  bottom  layers  of  the  device 
but  can  also  take  the  form  of  selective  electrodes 
which  extend  at  the  sides  of  the  doping  super- 
lattice,  i.e.  through  the  p-  and  n-type  layers.  In  this 
connection  DE—  A—  22  61  527  states  that  the 
conductivity  parallel  to  the  doping  layers,  i.e. 
between  the  selective  electrodes  is  very 
interesting,  in  particular  with  regard  to  its 
dependence  on  the  degree  of  excitation  of  the 
semiconductor  material  in  the  region  of  the  dop- 
ing  superlattice.  It  is  pointed  out  that  when 
nA(2)=nD(2),  and  is  also  so  low  that  for  complete 
ionisation  of  the  doping  atoms  the  space  charge 
potential  V,  according  to  the  relationship 
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is  even  smaller  than  Eg,  the  material  in  the  basic 
state  is  almost  insulating  at  adequately  low 
temperatures,  also  in  the  direction  parallel  to  the 
zones.  Moreover,  it  is  pointed  out  that  because 
the  lifetime  of  electrons  and  holes  in  the  n-type 
and  p-type  zones  can  be  selected  as  desired 
within  wide  limits  depending  on  the  choice  of  the 
semiconductor  material  and  the  parameters  d, 
nA<2)  and  nD(2)  the  conductivity  parallel  to  the 
layers  can  be  externally  controlled  timewise,  as  it 
were  by  optical  excitation,  by  electron  and  hole 
injection,  by  external  fields  or  by  temperature 
variations. 

Thus  it  is  known  that  doping  superlattices  have 
unusual  electrical  and  optical  characteristics. 

The  object  underlying  the  present  invention  is 
to  provide  an  improved  semiconductor  detector 
which  is  suitable  for  detecting  radiation,  in 
particular  radiation  with  energies  less  than  the 

5  bulk  semiconductor  band  gap  energy  (Eg°)  in  the 
host  material,  and  which  is  also  suitable  for 
detecting  particles  with  equivalent  energies,  with 
the  device  preferably  having  a  relatively  low 
capacitance  and  a  relatively  low  dark  current  at 

10  room  temperature. 
In  order  to  satify  this  object  there  is  provided,  in 

accordance  with  the  invention,  a  detector  of  the 
initially  named  kind  which  is  characterised  in  that 
the  n-type  and  p-type  layers  other  than  the  first 

15  layer  and  the  outermost  layer  have  substantially 
identical  thickness  and  doping  concentrations;  in 
that  the  first  layer  and  the  outermost  layer  are  of 
the  same  conductivity  type  and  have  a  thickness 
substantially  equal  to  one  half  of  the  thickness  of 

20  each  at  the  other  layers;  in  that  the  first  layer  and 
the  outermost  layer  have  a  doping  concentration 
substantially  identical  to  the  doping 
concentration  of  the  other  layers;  in  that  the 
variation  in  the  value  of  the  product  for  each  of 

25  said  other  layers  of  the  respective  doping 
concentration  times  the  respective  layer  thickness 
does  not  exceed  0.5%;  and  in  that  in  operation  a 
high  reverse  bias  VR  is  applied  across  the 
selective  electrodes  thereby  tilting  the  resultant 

30  electric  field  with  respect  to  the  layers. 
It  has  been  found  that  semiconductor  devices 

characterised  as  above  are  extremely  sensitive  to 
infrared  radiation,  exhibit  a  low  dark  current  at 
room  temperature  and  have  very  low  capacitance 

35  and  therefore  fast  response.  The  applied  reverse 
bias  allows  the  energy  sensitivity  to  be  selected. 

These  devices,  which  are  formed  by  periodic 
alternate  doping  with  n-  and  p-type  impurities  in 
an  otherwise  homogeneous  material,  have  been 

40  grown  by  molecular  beam  epitaxy  (MBE).  The 
space  charge  induced  periodic  modulation  of  the 
energy  bands  in  these  doping  superlattices  leads 
to  a  confinement  of  electrons  and  holes  in 
alternate  layers  ("indirect  gap  in  real  space")  and 

45  to  an  effective  energy  gap  that  can  be  tailored 
between  zero  and  the  bulk  semiconductor  band 
gap  energy  Eg°  in  the  host  material  by  appropriate 
choice  of  the  doping  concentrations  (Nd,  Na)  and 
thicknesses  (dn,  dp)  of  the  constituent  layers.  Due 

so  to  the  effective  spatial  separation  recombination 
of  excess  carriers  is  strongly  reduced,  and  large 
deviations  of  electron  and  hole  concentrations 
from  thermal  equilibrium  become  quasi-stable. 
This  non-equilibrium  excited  state  is 

55  characterised  by  separate  quasi-Fermi  levels  Efn 
for  electrons  and  Efp  for  holes.  The  charge  of 
mobile  excess  carriers,  however,  partly 
compensates  the  bare  impurity  space-charge 
potential  resulting  in  a  direction  of  the  original 

60  potential  amplitude  V0.  Consequently,  the  free 
carrier  concentration  as  well  as  the  effective 
energy  gap  are  no  longer  constant  material 
parameters  in  a  given  doping  superlattice,  but 
they  are  tunable  by  external  carrier  injection  or 

65  extraction. 
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The  internal  space-charge  fields  in  doping 
superlattices  result  in  a  strong  exponential  tail  of 
the  absorption  coefficient  a(co)  at  photoenergies 
below  Eg°  (Franz-Keldysh  effect).  The  absorption 
of  photons  with  energy 

Egeft<ha)Eg° 

is  thus  possible.  In  addition,  the  absorption 
coefficient  is  tunable,  since  for  a  given  photo 
energy  the  overlap  between  initial  and  final  states 
changes  with  variation  of  the  effective  gap  (or 
quasi-Fermi  level  difference  Efn-Efp).  These 
peculiarities  make  doping  superlattices  very 
attractive  for  application  in  optical  detectors 
covering  a  large  energy  range. 

For  some  applications,  the  reverse  bias  is  pre- 
ferably  selected  to  be  so  high  that  the  capacitance 
of  the  device  is  determined  only  by  the  electrode 
geometry.  In  this  case  the  capacitance  of  the 
device  becomes  very  low  and  its  speed  of 
response  is  accordingly  high.  Furthermore  the 
device  can  be  caused  to  avalanche  thus  enhanc- 
ing  the  signal. 

In  a  further  embodiment  means  is  provided  for 
varying  the  reverse  bias  which  enables  the  energy 
sensitivity  of  the  device  to  be  tuned. 

In  general,  the  constituent  superlattice  layers 
are  not  completely  depleted  at  zero  bias  and  the 
undepleted  central  portions  of  the  n-type  and  p- 
type  layers  are  at  the  same  potential  as  the 
selective  n-  and  p-type  electrodes. 

When  the  reverse  bias  is  applied  between  the  n- 
type  and  p-type  layers  via  the  selective  electrodes 
electrons  and  holes  are  extracted  from  the  central 
portions  of  the  respective  layers  and  the 
amplitude  of  the  space  charge  potential 
increases.  If  the  reverse  bias  is  further  increased, 
the  n-type  and  p-type  layers  of  the  superlattice  are 
finally  totally  depleted  at  a  certain  threshold 
voltage  and  the  corresponding  potential  wells  for 
carrier  confinement  have  reached  their  maximum 
depths.  At  this  point,  the  strongly  enhanced  inter- 
nal  space-charge  fields  make  possible  the  absorp- 
tion  of  extremely  long  wavelength  radiation 
through  the  Franz-Keldysh  effect.  Further  increase 
of  the  reverse  bias  only  adds  a  constant  electric 
field  parallel  to  the  length  of  the  layers  (i.e.  the 
potential  is  tilted  in  the  layer  direction),  and  the 
photogenerated  electrons  and  holes  are  more 
efficiently  swept  out  into  the  selective  electrodes 
to  be  detected  by  photoconductive  response. 

In  the  above  described  semiconductor  devices 
the  total  number  of  layers  of  alternating  conduc- 
tivity  types  is  typically  an  odd  number  lying 
between  9  and  51  and  preferably  amounting  to 
21,  the  device  should  have  a  minimum  total 
thickness  of  one  micrometer. 

By  increasing  the  number  of  layers  one  obtains 
increased  sensitivity,  the  effort  required  to  pro- 
duce  a  very  large  number  of  layers  is  however  not 
inconsiderable  so  that  a  trade  off  has  to  be  made 
between  sensitivity  and  effort/cost. 

In  a  particularly  preferred  embodiment  the  n- 
type  and  p-type  material  is  GaAs  with  suitable 

dopants,  and  the  cladding  layers,  comprising  the 
first  layer  and  the  outermost  layer,  are  of  n-type 
conductivity. 

Gallium  arsenide  has  the  particular  advantage 
5  that  it  does  not  suffer  radiation  damage  and  is 

thus  suitable,  amongst  other  things,  for  applica- 
tions  in  outer  space.  Furthermore,  it  is  found  that 
the  use  of  n-type  conductivity  material  for  the 
cladding  layers  results  in  an  extremely  low  dark 

10  current  at  room  temperature.  Such  GaAs  devices 
are  able  to  detect  infrared  radiation  up  to  at  least  2 
urn  wavelengths. 

In  an  alternative  embodiment  the  n-type  and  p- 
type  material  is  silicon  with  suitable  dopants.  A 

is  device  of  this  kind  has  an  extended  wavelength  or 
sensitivity  range  and  the  significant  advantage 
that  common  surface  passivation  techniques  can 
be  used  to  avoid  problems  with  surface  leakage 
currents. 

20  As  a  further  alternative  the  n-type  and  p-type 
material  is  indium  gallium  arsenide  with  suitable 
dopants.  With  this  arrangement  the  bulk  semicon- 
ductor  band  gap  Eg°  is  lower  so  that  detection  of 
IR  radiation  up  to  at  least  4  urn  should  be 

25  possible. 
Of  course,  basically  any  semiconductor 

material  can  be  used  to  realise  a  semiconductor 
detector  in  accordance  with  the  present  invention. 

In  a  further  development  of  the  invention  layers 
30  of  intrinsic  material  are  provided  between  the 

alternate  layers  of  different  conductivity  types  as 
known  per  se  from  DE  —  A  —  22  61  527,  however, 
the  arrangement  of  the  invention  is  characterised 
in  that  the  intrinsic  material  is  not  provided 

35  outside  of  the  cladding  layers  comprising  the  first 
layer  and  the  outermost  layer. 

At  high  doping  concentrations,  which  are  of 
particular  interest  in  semiconductor  detectors  of 
the  present  proposed  kind,  the  tunnelling  effect 

40  can  be  kept  low  by  the  intrinsic  material  resulting 
in  a  low  dark  current  but  a  high  density  of  states  in 
the  forbidden  gap.  The  intrinsic  material  is  con- 
veniently  made  circa  of  100  A  thick  (lA-0.1  nm). 

The  invention  will  now  be  described  in  more 
45  detail  by  way  of  example  only  with  reference  to 

the  accompanying  drawings  which  show: 
Fig.  1  a  schematic  cross-section  of  a  semicon- 

ductor  device  in  accordance  with  the  invention, 
Fig.  2  a  schematic  representation  of  the  band 

so  shape  of  the  semiconductor  device  of  Fig.  1  with 
an  applied  reverse  bias. 

Fig.  3  the  band  structure  of  the  semiconductor 
device  of  Fig.  1  with  the  modulation  resulting 
from  the  inherent  space  charge, 

55  Figs.  4a  to  4c  a  schematic  band  structure  of  a 
device  similar  to  Fig.  1  in  which  the  doping 
superlattice  layers  are  completely  depleted  before 
biasing,  i.e.  Nd  •  dn=Na  •  dp  (symmetric  structure) 
and  VM<Efn-Efp,  in  which: 

60  Fig.  4a  shows  the  band  structure  along  the  layer 
at  the  centre  of  each  layer  at  zero  bias. 

Fig.  4b  shows  the  band  structure  with  applied 
reverse  bias,  and 

Fig.  4c  shows  the  band  structure  perpendicular 
65  to  the  layers. 

3 
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Figs.  5a  to  c  a  schematic  band  structure  of  a 
device  similar  to  Fig.  1  in  which  the  doping 
superlattice  layers  are  not  completely  depleted 
before  biasing,  i.e.  Nd-dn=Na-dp  (symmetric 
structure)  and  VM>Efn-Efp.  in  which: 

Fig.  5a  shows  the  band  structure  along  and 
perpendicular  to  the  layers  at  zero  bias  (two 
dimensional  subbands  are  ignored  in  this  figure). 

Fig.  5b  shows  the  band  structure  along  and 
perpendicular  to  the  layers  with  an  applied 
reverse  bias  VR  equal  to  the  threshold  value  Vth, 
i.e.  with  all  the  layers  depleted, 

Fig.  5c  shows  the  band  structure  when  VR>Vth, 
Figs.  6a  and  6b  a  schematic  band  structure  for  a 

device  similar  to  Fig.  1  but  in  which  the  product 
value  of  doping  concentration  times  layer  thick- 
ness  for  the  individual  layers  is  not  the  same  so 
that  the  device  is  asymmetric  i.e. 

Nd  •  dn^Na  •  dp  (VM>Etn-Efp), 

with 
Fig.  6a  showing  the  situation  when  the  applied 

reverse  bias  VR===the  threshold  voltage  Vth  at 
which  the  space  charge  reaches  its  maximum 
voltage,  and  with: 

Fig.  6b  showing  the  situation  when  VR>V,h  and 
the  difference  VR-Vth  is  applied  to  the  junction 
between  the  p+  selective  electrode  and  the  super- 
lattice  giving  a  tilting  field  at  this  junction, 

Fig.  7  the  maximum  space  charge  field  as  a 
function  of  the  doping  concentration  in  a  sym- 
metrically  doped  superlattice  device  as  in  Fig.  1, 
with  thin  straight  lines  representing  different 
layer  thicknesses,  the  dashed  line  representing 
the  zero  bias  limit,  and  the  solid  curves  showing 
the  equi-tunnelling  current  density  curves. 

Fig.  8  V  —  I  traces  measured  through  n  —  n  (curve 
a)  and  p  —  p  (curve  b)  selective  contacts  for  a 
doping  superlattice  where  Nd  •  dn>Na  •  dp  in 
accordance  with  the  present  invention, 

Figs.  9a  and  9b  experimental  voltage  charac- 
teristics  for  a  doping  superlattice  detector  in 
which 

Nd  •  d„>Na  •  dp  and  VM>Efn-Efp 

(Fig.  9a)  and  the  contact  configuration  (Fig.  9b)  for 
the  detector, 

Fig.  10a  the  dependence  of  the  spectral 
response  on  the  applied  bias  for  a  specific 
embodiment  of  a  semiconductor  device  in 
accordance  with  the  present  invention. 

Fig.  10b  the  dark  current  characteristic  for  the 
device  of  Fig.  10a, 

Fig.  1  1  reverse  I  —  V  traces  with  (a)  and  without 
(b)  irradiation  for  a  first  GaAs  sample  device, 

Fig.  12  reverse  I  —  V  traces  with  (a)  and  without 
(b)  irradiation  for  a  second  GaAs  sample  device. 

Fig.  13  the  spectral  response  of  the  device  of 
Fig.  11  at  various  reverse  biases, 

Fig.  14  the  spectral  response  of  the  device  of 
Fig.  12  at  various  reverse  biases. 

Turning  first  to  Fig.  1  there  is  shown  a  semicon- 
ductor  device  having  a  plurality  of  alternate  n- 

type  and  p-type  layers  grown  at  a  rate  of  about  3 
A/sec  on  a  non-doped  semi-insulating  gallium 
arsenide  substrate  10  with  (100)  surface  at  600°C 
by  molecular  beam  epitaxy.  The  layer  structure 

5  comprises  a  first  layer  1  1  of  n-type  material  of  250 
A  thickness  which  is  deposited  on  the  gallium 
arsenide  substrate.  This  first  layer  11  is  then 
followed  by  a  second  layer  12  of  p-type  material 
with  a  thickness  of  500  A.  i.e.  the  first  layer  1  1  has 

io  a  layer  thickness  substantially  equal  to  one  half 
that  of  the  second  layer  12.  The  second  layer  12  is 
followed  by  a  third  layer  of  n-type  material  of  the 
same  thickness  as  the  second  layer  12.  The 
structure  then  repeats  itself  so  that  the  device  can 

15  be  said  to  comprise  a  plurality  of  layers  of 
alternating  conductivity  types  deposited  in  series 
on  the  first  layer.  The  outermost  active  layer  14  is 
of  n-type  material  and  again  has  a  thickness 
substantially  equal  to  one  half  the  thickness  of  the 

20  intervening  layers  12,  13. 
The  concentrations  of  donors  and  acceptors 

(Nd,  Na  respectively)  are  the  same  in  all  layers  so 
that  the  value  given  by  the  product  of  the  doping 
concentration  and  the  layer  thickness,  is  the  same 

25  for  all  intermediate  layers  on  one  half  of  this  value 
for  the  cladding  layers  defined  by  the  first  layer  1  1 
and  the  outermost  layer  14.  In  this  example,  the 
doping  concentration  is  chosen  to  be  5x1017/cm3 
with  silicon  and  beryllium  being  used  for  the  n- 

30  and  p-type  impurities  respectively.  The  total  dop- 
ing  superlattice  thickness  was  chosen  to  be  2  um, 
i.e.  the  device  has  a  total  of  21  layers.  The 
semiconductor  device  has  two  selective  elec- 
trodes,  namely  a  strongly  p-type  electrode  region 

35  which  extends  through  the  p-type  and  n-type 
layers  and  consists  of  an  alloy  of  tin  and  zinc  so 
that  the  electrode  1  5  gives  selective  contact  to  the 
p-type  material.  The  second  electrode  16  is  of  tin 
alone  and  gives  selective  contact  to  the  n-type 

40  material.  The  electrode  regions  15  and  16  may  be 
made  in  the  usual  way  by  diffusion  techniques. 
The  semiconductor  device  is  also  provided  in  the 
usual  way  with  a  mask  which  prevents  incident 
radiation  falling  directly  on  the  selective  electrode 

45  regions  and  also  a  surface  treatment  to  reduce 
surface  leakage  currents. 

It  is  important  that  the  value  calculated  for  each 
layer  of  the  respective  doping  concentration 
times  the  respective  layer  thickness  is  sub- 

so  stantially  constant  and  that  the  variation  in  the 
respective  values  for  the  individual  layers  does 
not  exceed  0.5  %. 

The  device  described  above  is  characterised  by 
a  sufficiently  high  sensitivity  even  at  energies  far 

55  below  Eg  which  is  attributed  to  the  Franz-Keldysh 
effect. 

Having  described  the  basic  structure  in  some 
detail  the  theoretical  background  will  now  be 
explained. 

60  In  operation  a  reverse  bias  is  applied  to  ail  the 
p-n  junctions  in  the  doping  superlattice  via  the 
selective  electrodes  15,  16.  This  reverse  bias  lead 
to  complete  depletion  of  both  p-  and  n-type  layers 
at  a  certain  threshold  voltage  Vth  if  the  respective 

65  product  values  for  the  intervening  layers,  i.e.  the 
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'alues  calculated  for  each  layer  of  the  respective 
loping  concentration  times  the  respective  layer 
hickness  are  exactly  equal  (and  equal  to  twice  the 
-alue  in  the  cladding  layers).  At  Vth  the  internal 
ield  established  by  the  periodic  space  charge 
eaches  its  maximum  value  and  no  more  band 
nodulation  is  expected  for  voltages  exceeding 
fth.  Instead  a  further  increase  of  the  reverse 
'oltage  tilts  the  whole  doping  superlattice  struc- 
ure  along  the  layers.  This  tilting  field  not  only 
inhances  the  Franz-Keldysh  effect,  but  also 
iweeps  away  the  photoexcited  carriers  from  the 
wo  dimensional  subband  systems  very  quickly. 
3ecause  of  the  latter  effect  high  speed  of 
esponse  is  expected,  and,  moreover,  the  ground 
state  is  kept  almost  empty  during  excitation. 

In  order  to  apply  the  tilting  field  along  the  layers 
:omplete  depletion  should  be  achieved  for  both 
vtype  and  p-type  layers.  It  is  for  this  reason  that  it 
s  important  to  hold  the  respective  product  values 
or  the  intervening  layers  constant  (and  equal  to 
wice  the  value  in  the  cladding  layers),  i.e.  the 
jroduct  value  Nd  •  d„=Na  •  dp  which  produces  a 
symmetric  doping  superlattice.  A  schematic  band 
structure  for  the  semiconductor  device  with 
applied  bias  is  shown  in  Fig.  2.  In  Fig.  3  Ev  shows 
:he  shape  of  the  valence  band,  Ec  the  shape  of  the 
;onductance  band,  the  deflected  regions  at  the 
wo  ends  of  the  sketch  are  due  to  the  selective 
alectrode  regions  15  and  16  respectively. 

In  the  doping  superlattices,  the  energy  bands 
are  spatially  modulated  by  the  ionised  donors  and 
acceptors  in  the  constituent  layers.  The  band 
modulation  is  schematically  shown  in  Fig.  3, 
where  VM  represents  the  modulation  depth  of  the 
bands,  Eeo,  and  Ep0  represent  the  lowest  quantised 
slectron  and  hole  states  caused  by  the  parabolic 
band  modulation  Eg  equal  the  bulk  semiconductor 
band  gap  and 

Egef*=(Eg+Eeo+Epo-q  •  VM) 

corresponds  to  the  effective  band  gap  energy  of 
the  doping  superlattice.  When  the  layers  are 
completely  depleted  the  band  modulation  depth 
VM  is  given  by 

qNd 
VM=  equation  A 

where 
q  equals  the  elementary  charge 
N  equals  the  doping  concentration  of  the 

intervening  layers, 
d  equals  the  layer  thickness,  and 
ss  equals  the  dielectric  constant  of  the 

semiconductor  material 
For  symmetric  doping  superlattices  with 

VM=Efn—  Efp, 

where  Efn  and  Etp  denote  the  Fermi  levels  in  n-type 
and  p-type  layers  respectively  (when  they  are 
homogeneous),  the  doping  superlattice  layers  are 

completely  aepietea  DeTore  Diasmg,  wnereus, 
when 

Vm>Efn  —  Efp 
5 

an  application  of  reverse  bias  is  required  for 
complete  depletion. 

Fig.  4  shows  a  schematic  band  structure  of  a 
device  similar  to  Fig.  1  and  its  doping  layers  are 

o  completely  depleted  before  biasing.  At  zero  bias, 
both  the  conduction  and  valence  band  edges 
should  be  flat  along  the  layers  except  for  the 
areas  close  to  the  selective  electrodes,  i.e.  the  p+ 
and  n+  contact  regions,  as  shown  in  Fig.  4a. 

5  Because  of  the  complete  depletion  of  the  layers, 
the  superlattice  will  be  highly  resistive  and 
practically  act  as  a  semi-insulator.  Thus,  an 
externally  applied  reverse  bias  tilts  the  whole 
structure  as  shown  in  Fig.  4b.  The  photoexcited 

'.o  electrons  and  holes  are  immediately  separated 
from  each  other  spatially  due  to  the  strong  space 
charge  field,  and  then  swept  away  by  the  tilting 
field  to  the  respective  electrode.  Therefore  the 
recombination  between  the  photoexcited  carriers 

?5  is  negligibly  small,  which  results  in  an  extremely 
high  efficiency.  Since  the  relaxation  time  for  the 
photoexcited  carriers  to  thermalise  in  the  lowest 
conduction  and  valence  subband  systems  is 
probably  as  short  as  10~12  sec,  the  device  speed  is 

?o  mainly  dominated  by  the  carrier  sweep-away 
time  along  the  parabolic  well  channel.  Fig.  4c 
shows  the  band  structure  for  a  vertical  section. 
The  space  charge  field  should  be  kept  constant 
with  varying  bias  because  all  the  donors  and 

?5  acceptors  have  already  been  ionised  at  zero  bias. 
When  VM>Efn-Efp,  both  n-  and  p-type  layers  of 

the  superlattice  still  have  free  carriers  in  the 
respective  band  at  zero  bias  as  shown  in  Fig.  5a. 
At  zero  bias,  the  amplitude  of  the  space  charge 

to  potential  is  much  smaller  then  VM.  When 
increasing  the  reverse  bias  voltage,  the  free 
electrons  and  holes  are  extracted  from  the  central 
portion  of  the  respective  layer,  and  the  space 
charge  potential  increases  until  all  the  layers  are 

45  completely  depleted  at  Vth.  At  this  stage,  the 
space  charge  potential  reaches  its  maximum 
value  VM.  This  situation  is  depicted  in  Fig.  5b. 
Increasing  the  reverse  bias  voltage  beyond  Vth 
tilts  the  whole  doping  superlattice  and  again 

so  enhances  the  internal  electric  field  as  shown  in 
Fig.  5c. 

In  the  detector  structures  shown  in  Figs.  4  and  5 
the  doping  superlattices  were  assumed  to  be 
perfectly  symmetric,  i.e.  with  all  layers  having 

55  equal  doping  concentrations  and  layer 
thicknesses  (except  for  the  cladding  layers). 
However,  it  is  very  difficult  to  grow  the  alternating 
n-type  and  p-type  layers  with  exactly  equal 
doping  concentrations  and  layer  thicknesses.  If 

60  the  product  value  Nd  •  dn  for  the  n-type  material  is 
greater  than  the  product  value  Nadp  for  the  p-type 
material  then  the  increase  of  space  charge 
potential  with  reverse  bias  will  continue  until  the 
p-type  layers  are  completely  depleted.  A 

65  schematic  band  structure  representing  this 
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situation  is  shown  in  Fig.  6a.  No  more  band 
modulation  can  be  achieved  for  further  increase 
of  the  reverse  bias  and  an  incremental  voltage 
will  be  applied  to  the  p+  —  n  junction  formed 
between  the  p+  selective  electrode  region  and  the 
n-type  material  of  the  superlattice  as  shown  in 
Fig.  6b,  since  such  superlattices  show  n-type 
conductivity  regardless  of  the  bias,  and  cannot  be 
highly  resistive.  When  the  residual  electron 
concentration  averaged  over  the  layers  is  very 
large,  for  example,  greater  than  1017/cm3  the 
depletion  width  at  the  aforementioned  p+  —  n 
junction  and  therefore  the  width  of  the 
photosensitive  region  is  only  about  1  urn. 
However,  if  this  residual  electron  concentration  is 
reduced  to  101s/cm3  the  photosensitive  width  can 
be  extended  to  more  than  50  urn.  In  the  present 
device,  a  high  internal  electric  field  is  particularly 
preferred  in  order  to  enhance  the  Franz-Feldysh 
effect  below  Eg.  Indeed,  the  total  field  given  by 
equation  C  (below)  could  be  very  high  and  an 
avalanche  multiplication  could  be  induced. 
However,  an  avalanche  effect  does  not 
deteriorate  the  performance  of  superlattice 
devices  in  accordance  with  the  present  teaching. 

Internal  electric  field  in  the  doping  superlattice 
layers  enhances  the  tunnel-assisted  photo- 
transition  between  spatially  separated  electron 
and  hole  subbands  which  leads  to  a  considerable 
increase  in  the  sensitivity  at  energies  below  Eg.  As 
discussed  previously,  all  the  constituent  layers 
should  be  completely  depleted  at  operating 
condition.  Therefore,  the  electric  field  due  to  the 
space  charge  is  expressed  by 

q 
F0(x)=  —  Nx,  (0=Sx<d/2)  (B) 

s 

where: 
x  represents  the  distance  measured  from  the 

center  of  the  layer 
N  is  the  doping  concentration  (Nd=Na) 
q  represents  the  elementary  charge 
e  represents  the  dielectric  constant  in  the 

superlattice  material. 
This  expression  reaches  the  maximum  value 

FM=qNd/2e,  at  the  p-n  junction.  The  straight  lines 
in  Fig.  7  show  FM  as  a  function  of  doping  concen- 
tration  for  various  layer  thicknesses.  The  dashed 
line  represents  the  zero  bias  limit  for  complete 
depletion.  The  doping  superlattice  structures 
below  this  line  are  completely  depleted  without 
bias,  while  those  above  this  line  require  approp- 
riate  reverse  biases  for  complete  depletion.  This 
figure  suggests  that,  without  bias,  a  sufficiently 
high  internal  field  can  be  expected  when  the 
doping  concentration  is  very  high.  For  example, 
when  N=4x1018/cm2  and  d=300  A,  the  resulting 
maximum  field  is  as  high  as  9x10s  V/cm  at  zero 
bias.  Such  doping  superlattices  are  useful  as 
photodetectors,  because  there  is  no  dark  current 
across  the  layers  as  described  later.  However, 
high  doping  makes  a  close  compensation 
between  p-  and  n-layers  very  difficult,  and,  more- 

over,  deteriorates  the  crystal  quality  by  creating 
undesirable  defect  centers.  At  moderate  doping 
levels  (1  x  1017  to  1  x  1018/cm3),  higher  internal  field 
may  be  achieved  with  the  layer  structure  above 

5  the  dashed  line,  where  the  application  of  reverse 
bias  is  required  for  complete  depletion. 

In  the  presence  of  the  tilting  field  F,  the  total 
electric  field  can  be  expressed  by 

io  F(x)=VF0]x?+F7  (C) 

The  dark  current  in  a  semiconductor  device  of 
the  presently  described  kind  may  be  composed  of 
the  following  three  components:  tunnelling  cur- 

m  rent  across  the  layer,  tunnelling  current  at  the 
junctions  between  the  selective  electrodes  and 
the  device,  and  the  surface  leakage  current. 
Among  these  the  first  component  is  very  impor- 
tant,  and  appears  in  the  doping  superlattices  in 

20  which  VM>Efn-Efp.  The  doping  superlattices  in 
this  category  require  reverse  bias  application  for 
complete  depletion.  The  reverse  bias  voltage, 
however,  causes  leakage  current  due  to  the  elec- 
tron  tunnelling  across  the  high  field  region  of  the 

25  layers.  When  the  superlattice  is  composed  of 
m+1  layers  of  n-type  and  m  layers  of  p-type 
material,  and  has  an  active  area  of  Ixl'  cm2,  the 
total  tunnelling  current  I,  is  given  by 

30  lt=2  m  I  I'  Jt  (D) 

where  Jt,  is  the  tunnelling  current  density  across 
the  doping  superlattice  layers,  and  can  be  esti- 
mated  according  to  the  expression  given  by  E.  0. 

35  Kaye  in  the  Journal  of  Applied  Physics,  vol.  32,  83 
(1961)  by  ignoring  the  possible  two  dimensional 
subband  systems  in  the  layers.  The  solid  curves  in 
Fig.  7  show  equi-tunnelling  current  density  lines 
thus  calculated.  If  we  assume  the  maximum 

40  permissible  leakage  current  to  be  100  nA,  J, 
should  be  less  than  25x1  0-5  A/cm2  for  the  devices 
with  an  active  area  of  10~4  cm2  (l=l'=100  urn)  and 
m=10.  In  this  case,  FM  can  be  higher  than  4,5x10s 
V/cm  even  when  the  doping  concentration  is  as 

45  low  as  1  x1017/cm2. 
The  other  two  components  of  dark  current;  the 

tunnelling  current  at  the  junctions  between  the 
selective  electrodes  and  the  device  and  the  sur- 
face  leakage  current  can  be  reduced  by  improving 

so  the  structure  symmetry  and  by  using  a  proper 
surface  coating,  respectively. 

As  described  before,  an  exact  symmetry  of  the 
structure  is  much  more  desirable.  However,  the 
exact  compensation  between  n-  and  p-layers, 

55  therefore,  the  complete  depletion  of  both  n-  and 
p-layers  is  very  difficult.  The  imbalance  between 
the  product  values  in  the  n-type  and  p-type 
material  (Ndd„  and  Na  •  dp)  can  be  evaluated  by 
measuring  the  resistivity  of  the  layers  through 

60  n  —  n  or  p  —  p  selective  contacts.  An  example  of 
V  —  I  traces  are  shown  in  Fig.  8  for  a  doping 
superlattice  with  doping  concentration  and  layer 
thickness  nominally  equal  to  1x1018/cm3  and  500 
A,  respectively.  According  to  Fig.  7,  ail  the  layers 

65  in  this  structure  should  be  completely  depleted 
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jefore  biasing.  However,  because  of  the  imba- 
ance,  this  superlattice  exhibits  n-type  conduc- 
ivity  instead  of  being  semi-insulating.  The  resis- 
ivity  of  the  p-layers  is  very  high  at  low  biases 
showing  the  complete  depletion  of  the  p-layers. 
\lon-linear  current  increase  at  higher  bias  volt- 
ages  is  due  to  the  breakdown  between  the  neigh- 
bouring  low-resistive  n-layers. 

Fig.  9a  shows  experimental  characteristics  of  a 

V|v|>Efn  —  Efp 

toping  superlattice  detector  with  a  small  imba- 
ance 

(Nd  •  d„>Na  •  dp). 

rhe  device  shape  and  contact  configuration  are 
depicted  in  Fig.  9b.  With  increasing  reverse  bias 
VR)  the  space  charge  potential,  and  therefore  the 
3  —  n  junction  voltage  (Vj)  first  increases  until  the 
/oltage  reaches  V,h  which  causes  the  complete 
depletion  for  p-layers.  Further  increase  in  VR 
•esults  in  no  further  increase  of  the  space  charge 
Dotential,  which  leads  to  a  constant  Vj(=V,h). 
3ecause  of  the  residual  free  electrons  in  the  n- 
ayers,  the  incremental  voltage  is  mainly  applied 
:o  the  p+  (contact)  -n  (superlattice)  junction.  The 
residual  free  carrier  concentration  is  not  easily 
reduced,  because  very  close  compensation 
requires  precise  balance  between  four  quantities; 
Nd,  Nar  dn,  and  dp.  Nevertheless,  it  has  been 
possible  during  normal  MBE  equipment  to  obtain 
i/ery  close  compensated  samples.  For  example,  in 
a  sample  with  a  nominal  doping  concentration  of 
1x1018/cm3,  the  residual  carrier  concentration 
averaged  by  all  the  layers  was  as  low  as  5x1015/ 
cm3. 

The  photoresponse  spectrum  of  devices  similar 
to  that  described  in  connection  with  Fig.  1  was 
measured  under  the  application  of  various  biases. 
The  devices  were  irradiated  by  a  chopped  mono- 
chromatic  light  from  a  grating  monochrometer- 
tungsten  lamp  combination,  and  the  photocurrent 
was  measured  by  a  lock-in  amplifier. 

The  following  discussion  first  concerns  the 
characteristics  of  those  devices  in  which 

VM>Efn—  Efp; 

that  is,  devices  composed  of  non-depleted  layers 
at  zero  bias.  Fig.  10a  demonstrates  the  applied 
bias  dependence  of  the  spectral  response  for  a 
device,  where  N=5x1017/cm3,  d=1080  A  and 
m=10.  In  this  structure,  Vth,  the  voltage  required 
for  the  complete  depletion,  is  about  0,75  V.  Up  to 
this  voltage,  internal  electric  field  increases  due  to 
the  space  charge  increase.  A  relatively  large 
enhancement  of  0.9  —  1.1  urn  wavelength  range 
sensitivity  at  1  V  reverse  bias  may  reflect  the 
internal  field  increase  due  mainly  to  this 
mechanism.  The  dark  current  is  negligibly  small 
as  shown  in  Fig.  10a  because  of  a  negligible 
contribution  of  tunnelling  (see  Fig.  7). 

However,  this  doping  superlattice  is  not  exactly 

symmetric,  out  exnioits  relatively  nign  n-iype 
conductivity  regardless  of  bias.  Therefore,  an 
increased  reverse  bias  beyond  0,75  V  will  be 
applied  to  the  p+  —  n  junction  near  the  p-type 

5  selective  electrode.  This  means  that  the  applica- 
tion  of  only  a  few  volts  results  in  a  considerably 
higher  electric  field  perpendicular  to  the  super- 
lattice  periodicity,  and  enhances  the  long 
wavelength  sensitivity  as  shown  in  the  figure. 

<o  However,  no  further  biases  exceeding  5  V  can  be 
applied  to  this  device,  because,  as  shown  in  the 
inset,  this  device  suffers  from  a  leakage  current  [ 
above  this  voltage,  probably  due  to  the  tunnelling 
current  across  the  p+—  n  junction.  The  spectra 

'5  shown  in  Fig.  10a  have  an  additional  peak  at  0.93 
urn.  This  structure  may  be  associated  with  the 
doped  donor  or  acceptor  impurities,  because  it  is 
much  more  pronounced  when  the  asymmetry  of 
the  structure  is  fairly  large. 

>o  The  characteristics  of  devices  where 

VM<Ef„  —  Efp 

will  now  be  discussed. 
?5  Figs.  11  and  12  show  the  reverse  I—  V  traces 

with  and  without  irradiation  for  two  sample 
devices  A  and  B  having  nominal  structure  para- 
meters  of  N=5x1017/cm3,  d=500  A,  m=20  and 
N=1x1018/cm3,  d=500  A,  m=20,  respectively. 

?o  Although  these  devices  do  not  show  breakdown 
up  to  200  V,  the  dark  current  is  not  very  low.  Since 
no  tunnelling  current  is  expected  across  the 
layers  (see  Fig.  7),  this  dark  current  is  probably 
caused  by  the  surface  leakage  current.  Indeed,  the 

35  dark  current  was  reduced  by  a  factor  2  when  the 
diode  was  rinsed  in  a  diluted  HCI  solution. 

Because 

VM<E(n—  Efp, 
40 

internal  space  charge  modulation  should  be  con- 
stant  regardless  of  the  bias  voltages.  The  maxi- 
mum  space  charge  field  can  easily  be  read  from 
Fig.  7  to  be  1.8x10s  V/cm  and  3.6x10s  V/cm 

45  respectively.  Although  the  layer  structures  of 
these  devices  were  not  exactly  symmetric,  the 
residual  free  carrier  densities  averaged  over  the 
layers  were  extremely  small  (2—  5x1015/cm3). 
Therefore,  the  applied  voltage  increased  the  elec- 

50  trie  field  over  a  fairly  wide  area  near  the  contact 
region  and  enhanced  the  long  wavelength  sensi- 
tivity  in  this  region.  Figs.  13  and  14  show  the 
spectral  sensitivity  for  these  devices  at  various 
bias  voltages. 

55  For  the  sample  device  A  the  depletion  width 
near  the  contact  region  was  about  10  um  and  the 
tilting  field  strength  is  4x10s  V/cm  at  180  V 
reverse  bias.  For  sample  device  B  the  depletion 
width  and  the  maximum  tilting  field  are  about  6 

60  um  and  3.2x10s  V/cm,  respectively,  at  90  V 
reverse  bias.  Therefore,  the  total  electric  field 
given  by  Equation  C  in  these  devices  is  fairly  high. 
Indeed,  as  shown  in  Figs.  13  and  14,  the  longer 
wavelength  sensitivity  is  considerably  enhanced 

65  at  high  reverse  biases.  Note  that,  for  sample 
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device  B,  the  sensitivity  at  1.3  um  wavelength 
reaches  more  than  20%  of  the  band  edge 
response  at  0.85  um  at  90  V  bias.  Moreover,  the 
sensitivity  could  be  further  increased  by  increas- 
ing  the  total  superlattice  thickness.  The  difference 
in  the  longer  wavelength  sensitivity  between 
sample  devices  A  and  B  at  the  same  bias  voltage 
(for  example  90  V)  may  be  attributed  to  the 
difference  in  the  periodic  space  charge  field, 
because  the  tilting  field  strengths  caused  by  the 
externally  applied  bias  should  be  very  similar 
with  each  other. 

However,  except  for  the  spectra  measured  at 
zero  or  very  low  reverse  biases,  the  long 
wavelength  sensitivities  are  very  much  higher 
than  might  be  expected  by  applying  the  weak 
field  theory  to  the  presently  proposed  devices. 

This  may  be  due  to  the  fact  that  the  theory  deals 
with  very  pure  and  highly  resistive  materials 
where  no  band  tail  states  are  expected,  because, 
otherwise,  high  electric  field  cannot  be  applied  to 
the  sample.  In  the  present  doping  superlattice 
detectors,  the  constituent  layers  are  highly  doped, 
and,  therefore,  considerable  band  tail  states  can 
be  found  in  the  forbidden  gap  region.  This  results 
in  a  greater  probability  of  finding  electrons  of 
holes  inside  the  energy  gap,  and  enhances  the 
long  wavelength  sensitivity  when  a  strong  electric 
fieid  is  present.  The  structure  around  1.1  um 
wavelength  in  the  spectra  measured  at  higher 
bias  voltages  may  evidence  the  existance  of  a 
notably  high  density  of  states  inside  the  energy 
gap. 

The  above  described  experimental  results  all 
relate  to  a  doping  superlattice  in  which  the  parent 
material  is  gallium  arsenide. 

Similar  results  can  be  obtained  with  other 
materials,  with  silicon  and  indium  gallium 
arsenide  being  of  particular  interest.  The  conven- 
tional  dopants  for  these  materials  can  be  used  to 
produce  the  n-type  and  p-type  layers. 

The  semiconductor  devices  described  herein 
are  believed  particularly  suitable  for  use  in  optical 
fiber  communication  systems  where  the 
wavelength  of  interest  lie  in  the  range  0.8  to  0.9 
um  where  AIGaAs  lasers  and  LEDs  have  their 
emission  lines.  Future  operating  wavelengths 
may  shift  to  the  1.1  to  1.6  um  spectral  region 
where  optical  fibers  have  lower  optical  loss  and 
minimum  material  dispersion.  Semiconductor 
devices  in  accordance  with  the  present  teaching 
should  have  ideal  characteristics  in  this  spectral 
region  and  a  sufficient  bandwidth  or  speed  of 
response  to  accommodate  high  information 
rates. 

Furthermore,  semiconductor  devices  in  accord- 
ance  with  the  present  teaching  are  essentially  low 
noise  devices  or  devices  which  can  operate  with  a 
high  signal  to  noise  ratio  which  again  makes  them 
well  suited  to  use  as  detectors  in  optical  com- 
munication  systems. 

Finally,  it  should  be  pointed  out  that  the  charac- 
teristic  of  Fig.  10a  or  Figs.  13  and  14  means  that 
the  associated  devices  can  be  used  to  analyse  the 
wavelength  of  detected  radiation  by  scanning  the 

reverse  bias  across  a  range  of  values  and 
mathematically  analysing  the  resultant  photocur- 
rents. 

5  Claims 

1.  A  homogeneous  detector  for  electromagnetic 
radiation  or  particles,  the  detector  having  a  super- 
lattice  structure  and  comprising  a  semi-insulating 

10  substrate  (10),  a  first  layer  (11)  of  either  n-type  or 
p-type  conductivity  deposited  thereon,  a  plurality 
of  layers  (12,  13,  14)  of  alternating  conductivity 
types  deposited  in  series  on  said  first  layer  (11) 
and  terminating  in  an  outermost  layer,  a  strongly 

is  p-type  electrode  region  which  extends  through 
said  p-type  and  n-type  layers  (11,  12,  13,  14)  and 
defines  a  first  selective  electrode  (15),  and  a 
strongly  n-type  electrode  region  which  also 
extends  through  said  p-type  and  n-type  layers  (11, 

20  12,  13,  14),  and  which  is  spaced  apart  from  said 
strongly  p-type  region  and  defines  a  second 
selective  electrode  (16),  characterised  in  that  the 
n-type  and  p-type  layers  (12,  13)  other  than  the 
first  layer  (11)  and  the  outermost  layer  (14)  have 

25  substantially  identical  thickness  and  doping  con- 
centrations;  in  that  the  first  layer  (11)  and  the 
outermost  layer  (14)  are  of  the  same  conductivity 
type  and  have  a  thickness  substantially  equal  to 
one  half  of  the  thickness  of  each  at  the  other 

30  layers  (12,  13),  in  that  the  first  layer  (11)  and  the 
outermost  layer  (14)  have  a  doping  concentration 
substantially  identical  to  the  doping  concen- 
tration  of  the  other  layers;  in  that  the  variation  in 
the  value  of  the  product  for  each  of  said  other 

35  layers  of  the  respective  doping  concentration 
times  the  respective  layer  thickness  does  not 
exceed  0.5%;  and  in  that  in  operation  a  high 
reverse  bias  VR  is  applied  across  the  selective 
electrodes  (15,  16)  thereby  tilting  the  resultant 

40  electric  field  with  respect  to  the  layers. 
2.  A  semiconductor  detector  in  accordance  with 

claim  1,  characterised  in  that  the  reverse  bias  VR  is 
so  high  that  the  capacitance  of  the  device  is 
determined  only  by  the  electrode  geometry. 

45  3.  A  semiconductor  detector  in  accordance  with 
claim  2,  characterised  in  that  means  is  provided 
for  varying  said  reverse  bias  VR. 

4.  A  semiconductor  detector  in  accordance  with 
any  one  of  the  preceding  claims,  characterised  in 

so  that  the  total  number  of  layers  (11,  12,  13,  14)  of 
alternating  conductivity  types  is  an  odd  number 
lying  between  9  and  51  and  preferably  amounting 
to  21,  with  a  minimum  total  thickness  of  1 
micrometer. 

55  5.  A  semiconductor  detector  in  accordance  with 
any  one  of  the  preceding  claims,  characterised  in 
that  the  n-type  and  p-type  material  is  gallium 
arsenide  with  suitable  dopants;  and  in  that  the 
cladding  layers,  comprising  the  first  layer  (11)  and 

60  the  outermost  layer  (14),  are  of  n-type  conduc- 
tivity. 

6.  A  semiconductor  detector  in  accordance  with 
any  one  of  the  preceding  claims  1  to  4,  charac- 
terised  in  that  the  n-type  and  p-type  material  is 

65  silicon  with  suitable  dopants. 
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7.  A  semiconductor  detector  in  accordance  with 
any  one  of  the  preceding  claims  1  to  4,  charac- 
terised  in  that  the  n-  and  p-type  material  is  indium 
gallium  arsenide. 

8.  A  semiconductor  detector  in  accordance  with 
any  one  of  the  preceding  claims  in  which  layers  of 
intrinsic  material  are  provided  between  the  alter- 
nate  layers  (11,  12,  13,  14)  of  different  conductivity 
types,  characterised  in  that  the  intrinsic  material  is 
not  provided  outside  of  the  cladding  layers  (11,14) 
comprising  the  first  layer  (11)  and  the  outermost 
layer  (14). 

9.  A  semiconductor  detector  in  accordance  with 
claim  8,  wherein  the  intrinsic  material  has  a 
thickness  of  the  order  of  magnitude  of  10  nm. 

10.  A  semiconductor  detector  in  accordance 
with  any  one  of  the  preceding  claims,  charac- 
terised  in  that  the  superlattice  layers  of  alternating 
conductivity  (11—14)  are  either  fully  depleted 
before  application  of  said  reverse  bias  (Figs. 
4a—  4c),  or  are  not  completely  depleted  before 
application  of  said  reverse  bias  (Figs.  5a  —  5c)  in 
which  case  the  reverse  bias  applied  is  higher  than 
that  required  to  produce  complete  depletion  of  the 
superlattice  layers  (11  —  14),  whereby  to  achieve 
the  desired  tilting  of  the  resultant  electricfieid  with 
respect  to  the  layers. 

11.  A  semiconductor  detector  in  accordance 
with  any  one  of  the  preceding  claims  wherein  said 
other  layers  (12,  13)  have  a  thickness  of  108  nm  or 
less. 

12.  A  semiconductor  detector  in  accordance 
with  any  one  of  the  preceding  claims  wherein  the 
devices  have  nominal  doping  concentrations  of 

N=5x1017/cm3to  1x1018/cm3, 

and  layerthicknesses  of  d=50  nm  with  the  residual 
free  carrier  densities  lying  in  the  range  below 
2—  5x1015/cm3. 

Patentanspriiche 

1.  Homogener  Detektorfiir  elektromagnetische 
Strahlung  oder  Teilchen,  mit  einer  Ubergitter- 
Struktur,  enthaltend  ein  quasi-isolierendes  Sub- 
strat  (10),  eine  daran  abgeschiedene  erste  Schicht 
(11)  mit  entweder  N-  oder  P-Leitverhalten,  eine 
Vielzahl  von  Schichten  (12,  13,  14),  die  in  Reihe  auf 
der  ersten  Schicht  (11)  mit  abwechselndem  Leittyp 
abgeschieden  sind  und  mit  einer  aufSersten 
Schicht  enden,  einen  stark  P-leitendem  Elektro- 
denbereich,  der  sich  durch  die  P-  und  N-Schichten 
(11,  12,  13,  14)  erstreckt  und  eine  erste  selektive 
Eiektrode  (15)  bestimmt,  und  einen  stark  N-leiten- 
den  Elektrodenbereich,  der  sich  auch  durch  die  P- 
und  N-Schichten  (11,  12,  13,  14)  erstreckt,  vondem 
stark  P-leitenden  Bereich  beabstandet  ist  und  eine 
zweite  selektive  Eiektrode  (16)  bestimmt,  dadurch 
gekennzeichnet,  dafS  die  N-  und  P-Schichten  (12, 
13)  aulSer  der  ersten  Schicht  (11)  und  der  aulSer- 
sten  Schicht  (14)  im  wesentlichen  identische  Dicke 
und  Dotier-Konzentration  besitzen,  dalS  die  erste 
Schicht  (11)  und  die  aulSerste  Schicht  (14)  vom 
gleichen  Leittyp  sind  und  eine  Dicke  im  wesent- 

lichen  gleich  einer  Halfte  der  Dicke  jeder  anderen 
Schicht  (12,  13)  besitzen,  dalS  die  erste  Schicht  (11) 
und  die  aulSerste  Schicht  (14)  eine  Dotier-Konzen- 
tration  im  wesentlichen  identisch  zu  der  Dotier- 

5  konzentration  der  anderen  Schichten  besitzen, 
da(5  die  Anderung  im  Wert  des  Produktes  der 
jeweiligen  Dotier-Konzentration  mal  der  jeweili- 
gen  Schichtdicke  bei  jeder  anderen  Schicht  nicht 
mehr  als  0,5%  betragt  und  dalS  im  Betrieb  eine 

10  hohe  Ruckspannung  VR  uber  die  selektiven  Elek- 
troden  (15,  16)  angelegt  ist,  wodurch  das  sich 
ergebende  elektrische  Feld  in  Bezug  auf  die 
Schichten  gekippt  ist. 

2.  Halbleiterdektor  nach  Anspruch  1,  dadurch 
15  gekennzeichnet,  dalS  die  Ruckspannung  VR  so 

hoch  ist,  dafS  die  Kapazitat  des  Gerates  nur  durch 
die  Elektrodengeometrie  bestimmt  ist. 

3.  Halbleiterdetektor  nach  Anspruch  2,  dadurch 
gekennzeichnet,  dalS  ein  Mittel  zum  Andern  der 

20  Ruckspannung  VR  vorgesehen  ist. 
4.  Halbleiterdetektor  nach  einem  der  vorange- 

henden  Anspriiche,  dadurch  gekennzeichnet,  dalS 
die  Gesamtzahl  der  Schichten  (11,  12,  13,  14) 
abwechselnden  Leittyps  eine  ungerade  Zahl 

25  zwischen  9  und  51  ,  vorzugsweise  bis  21  ,  mit  einer 
Mindest-Gesamtdicke  von  1  (im  ist. 

5.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspriiche,  dadurch  gekennzeichnet,  dafS 
das  N-  und  das  P-Material  Galliumarsenid  mit 

30  geeigneten  Dotierstoffen  ist  und  dalS  die  die  erste 
Schicht  (11)  und  die  aulSerste  Schicht  (14)  umfas- 
senden  Deckschichten  N-leitend  sind. 

6.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspruche  1  bis  4,  dadurch  gekennzeich- 

35  net,  daB  das  N-  und  das  P-Material  Siiicium  mit 
entsprechenden  Dotierstoffen  ist. 

7.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspruche  1  bis  4,  dadurch  gekennzeich- 
net,  dalS  das  N-  und  das  P-Material  Indium- 

40  Gallium-Arsenid  ist. 
8.  Halbleiterdetektor  nach  einem  der  vorange- 

henden  Anspruche,  bei  dem  Schichten  aus  Intrin- 
sik-Material  zwischen  den  abwechselnden  Schich- 
ten  (11,  12,  13,  14)  unterschiedlichen  Leitfahigkeit- 

45  typs  vorgesehen  sind,  dadurch  gekennzeichnet, 
dafS  das  Intrinsik-Material  nicht  aulSerhalb  der  die 
erste  Schicht  (11)  und  die  aulSerste  Schicht  (14) 
umfassenden  Deckschichten  (11,  14)  vorgesehen 
ist. 

so  9.  Halbleiterdetektor  nach  Anspruch  8,  bei  dem 
das  Intrinsik-Material  eine  Dicke  in  der  GrolSenord- 
nung  von  10  nm  besitzt. 

10.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspruche,  dadurch  gekennzeichnet,  dalS 

55  dieUbergitter-Schichten  (11  —  14)  mit  abwechseln- 
dem  Leitverhalten  entweder  vor  Anlegen  der 
Ruckspannung  (Figuren  4a  —  4c)  vollstandig  ver- 
armt  sind,  oder  vor  Anlegen  der  Ruckspannung 
(Figuren  5a—  5c)  nicht  vollstandig  verarmtsind,  in 

eo  welchem  Fall  die  angelegte  Ruckspannung  hoher 
als  die  zur  Erzeugung  vollstandiger  Verarmung  der 
ubergitter-Schichten  (11  —  14)  erforderliche  Span- 
nung  ist,  um  dadurch  die  erwunschte  Kippung  des 
sich  ergebenden  elektrischen  Feldes  beziiglich  der 

65  Schichten  zu  erreichen. 
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11.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspruche,  bei  dem  die  anderen  Schich- 
ten  (12,  13)  eine  Dicke  von  108  nm  oder  weniger 
besitzen. 

12.  Halbleiterdetektor  nach  einem  der  vorange- 
henden  Anspruche,  bei  dem  die  Bauelemente 
Nenn-Dotierkonzentrationen  von 

N=5x1017/cm3  bis  1x1018/cm3 

besitzen  und  Schichtdicken  von  d=10  nm,  wobei 
die  Dichten  der  restlichen  freien  Trager  im 
Bereich  unter  2  —  5x1015/cm3  liegen. 

Revendications 

1.  Detecteur  homogene  pour  rayonnement 
electromagnetique  ou  particules,  le  detecteur 
ayant  une  structure  de  super-reseau  et  compre- 
nant  un  substrat  semi-isolant  (10),  une  premiere 
couche  (11)  de  conductivity  de  type  n  ou  de  type 
p,  deposee  sur  le  substrat,  plusieurs  couches  (12, 
13,  14)  de  types  de  conductivity  alternants,  depo- 
sees  en  serie  sur  ladite  premiere  couche  (1  1  )  et  se 
terminant  par  une  couche  exterieure,  une  region 
d'electrode  de  type  fortement  p  qui  s'etend  a 
travers  lesdites  couches  (11,  12,  13,  14)  de  type  p 
et  de  type  n  et  qui  definit  une  premiere  electrode 
selective  (15),  et  une  region  d'electrode  de  type 
fortement  n  qui  s'etend  aussi  a  travers  lesdites 
couches  (11,  12,  13,  14)  de  type  p  et  de  type  n  et 
qui  est  espacee  de  ladite  region  de  type  fortement 
p  et  definit  une  seconde  electrode  selective  (16), 
caracterise  en  ce  que  les  couches  (12,  13)  de  type 
n  et  de  type  p  autres  que  la  premiere  couche  (11) 
et  que  la  couche  exterieure  (14)  ont  une  epaisseur 
et  des  concentrations  de  dopage  sensiblement 
identiques;  en  ce  que  la  premiere  couche  (1  1  )  et  la 
couche  exterieure  (14)  sont  du  meme  type  de 
conductivity  et  ont  une  epaisseur  sensiblement 
egale  a  la  moitie  de  I'epaisseur  de  chacune  des 
autres  couches  (12,  13);  en  ce  que  la  premiere 
couche  (11)  et  la  couche  exterieure  (14)  ont  une 
concentration  de  dopage  sensiblement  identique 
a  la  concentration  de  dopage  des  autres  couches; 
en  ce  que  la  variation  de  la  valeur  du  produit,  pour 
chacune  desdites  autres  couches,  des  concentra- 
tions  respectives  de  dopage  par  I'epaisseur  res- 
pective  des  couches  ne  depasse  pas  0,5%;  et  en 
ce  que,  en  fonctionnement,  une  polarisation 
inverse  elevee  VR  est  appliquee  entre  les  elec- 
trodes  selectives  (15,  16)  afin  d'incliner  le  champ 
electrique  resultant  par  rapport  aux  couches. 

2.  Detecteur  a  semi-conducteur  selon  la  reven- 
dication  1,  caracterise  en  ce  que  la  polarisation 
inverse  VR  est  si  elevee  que  la  capacite  du  disposi- 
tif  est  determinee  uniquement  par  la  geometrie 
des  electrodes. 

3.  Detecteur  a  semi-conducteur  selon  la  reven- 
dication  2,  caracterise  en  ce  que  des  moyens  sont 
prevus  pourfaire  varier  ladite  polarisation  inverse 
VR. 

4.  Detecteur  a  semi-conducteur  selon  I'une 
quelconque  des  revendications  precedentes. 

caracterise  en  ce  que  le  nombre  total  de  couches 
(11,  12,  13,  14)  de  types  de  conductivite  alternants 
est  un  nombre  impair  compris  entre  9  et  51  et 
s'elevant  avantageusement  a  21,  avec  une  epais- 

5  seur  totale  minimale  de  1  micrometre. 
5.  Detecteur  a  semi-conducteur  selon  I'une 

quelconque  des  revendications  precedentes, 
caracterise  en  ce  que  la  matiere  de  type  n  et  de 
type  p  est  de  I'arseniure  de  gallium  avec  des 

10  dopants  convenables;  et  en  ce  que  les  couches  de 
revetement,  comprenant  la  premiere  couche  (11) 
et  la  couche  exterieure  (14),  sont  de  conductivite 
de  type  n. 

6.  Detecteur  a  semi-conducteur  selon  I'une 
75  quelconque  des  revendications  precedentes  1  a  4, 

caracterise  en  ce  que  la  matiere  de  type  n  et  de 
type  p  est  du  silicium  avec  des  dopants  conena- 
bles. 

7.  Detecteur  a  semi-conducteur  selon  I'une 
20  quelconque  des  revendications  precedentes  1  a  4, 

caracterise  en  ce  que  la  matiere  de  type  n  et  de 
type  p  est  de  I'arseniure  d'indium  et  de  gallium. 

8.  Detecteur  a  semi-conducteur  selon  I'une 
quelconque  des  revendications  precedentes, 

25  dans  lequel  des  couches  de  matiere  intrinseque 
sont  prevues  entre  les  couches  alternees  (11,  12, 
13,  14)  de  types  de  conductivite  differents, 
caracterise  en  ce  que  la  matiere  intrinseque  n'est 
pas  prevue  a  I'exterieur  des  couches  de  revete- 

30  ment  (11,  14)  comprenant  la  premiere  couche  (11) 
et  la  couche  exterieure  (14). 

9.  Detecteur  a  semi-conducteur  selon  la  reven- 
dication  8,  dans  lequel  la  matiere  intrinseque 
presente  une  epaisseur  d'un  ordre  de  grandeur  de 

35  10  nm. 
10.  Detecteur  a  semi-conducteur  selon  I'une 

quelconque  des  revendications  precedentes, 
caracterise  en  ce  que  les  couches  de  super-reseau 
de  conductivite  alternante  sont  soit  totalement 

40  appauvries  avant  I'application  de  ladite  polarisa- 
tion  inverse  (figures  4a  —  4c),  soit  non  complete- 
ment  appauvries  avant  I'application  de  ladite 
polarisation  inverse  (figures  5a  —  5c),  auquel  cas 
la  polarisation  inverse  appliquee  est  plus  elevee 

45  que  celle  demandee  pour  produire  un  appauvris- 
sement  complet  des  couches  de  super-reseau 
(11  —  14),  afin  que  Ton  obtienne  I'inclinaison  sou- 
haitee  du  champ  electrique  resultant  par  rapport 
aux  couches. 

so  11.  Detecteur  a  semi-conducteur  selon  I'une 
quelconque  des  revendications  precedentes, 
dans  lequel  lesdites  autres  couches  (12,  13)  ont 
une  epaisseur  de  108  nm  ou  moins. 

12.  Detecteur  a  semi-conducteur  selon  I'une 
55  quelconque  des  revendications  precedentes, 

dans  lequel  les  dispositifs  ont  des  concentrations 
nominales  de  dopage  de 

N=5x1017/cm3  a  1x1018/cm3, 
60 

et  des  epaisseurs  de  couches  de  d=50  nm,  les 
densites  de  porteurs  libres  residuels  etant  situees 
dans  la  plage  inferieure  a  2  —  5x1015/cm3 
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